Objective This study aimed to examine the factors associated with maternal mortality among women aged ≥35 years.
Introduction
A number of global studies have highlighted that the maternal mortality ratio (MMR) increases non-linearly with age, in particular after the age of 30 years, and is highest in the oldest age groups. 1, 2 Although only a small proportion of deaths occur in high income settings, maternal mortality is an increasing concern because of an increase in risk factors such as obesity, 3 advanced maternal age 4 and births among migrants. 5 These factors have been reflected in the increase in maternal deaths in the United States of America (USA) and in the Netherlands. 6, 7 In England and Wales there has been a gradual increase in the proportion of women delivering aged 30 years and older and the average age of childbearing has increased from 26.4 in 1973 to 30.0 in 2013. 8 As a result, women at an advanced maternal age represent a larger proportion of maternities; data from the Office for National Statistics shows that 20% of births in England and Wales were to mothers aged 35 years and older in 2013. 8 This is of concern for several reasons. In particular, older women have an increased prevalence of pre-existing medical co-morbidities. 9 Women with co-morbidities have been shown to have poorer maternal outcomes during pregnancy. However, the low incidence of maternal mortality in high resource countries (10 per 100 000 pregnancies per year in the UK) 12 makes it difficult to investigate the risk factors associated with maternal death in a subgroup of women of older maternal age. Previous literature examining maternal mortality among women of advanced maternal age is therefore limited. The aim of this study, therefore, was to examine the factors associated with maternal mortality among women of advanced maternal age on a national population basis.
Methods

Study population and design
This study defined advanced maternal age as women who were aged 35 years or older, therefore the study population comprised of women aged 35 years or older. An unmatched case-control study was conducted using secondary data on maternal deaths occurring between 2009 and 2012 collected through the UK Confidential Enquiry into Maternal Deaths (conducted under the auspices of the Mothers and Babies: Reducing Risk through Audits and Confidential Enquiries across the UK (MBRRACE-UK) collaboration) and data on a nationally representative control group of pregnant women aged 35 years or older collected through the UK Obstetric Surveillance System (UKOSS) between 2005 and 2012.
All maternal deaths within the UK are prospectively identified through mandatory notification to the MBRRACE-UK collaboration. 13 The majority of cases are identified by direct notification from death certificates and hospitals; however, other cases are notified through pathologists or coroners and procurators fiscal, midwifery officers, members of the public and inquest reports from the media. 12, 13 Linkage with birth and death registration records from the Office for National Statistics and National Records of Scotland ensures further quality assurance and case ascertainment. 12, 13 Anonymised clinical and demographic data were extracted from the case notes for each maternal death.
In brief, UKOSS is a national surveillance system that enables the study of rare complications in pregnancy. 14 Case notification cards are returned monthly from consultant-led maternity centres in the UK. In many UKOSS studies, units are asked to return clinical and demographic data on a representative sample of women lacking the specific condition under study (control women). Controls are identified as the two women delivering prior to the woman with the relevant condition under study (case) from a specific obstetric unit. For the purposes of this study, information on all control pregnant women aged 35 and over were extracted from the UKOSS database.
The primary outcome for this study was maternal death: cases were defined as maternal deaths in women aged ≥35 years and controls were population-level UKOSS controls aged ≥35 years. Exposure variables were selected a priori guided by the findings of a literature review. The exposure variables explored in the analysis were age, ethnicity, BMI, marital status, substance misuse, smoking status during pregnancy, previous pregnancy problems, preexisting medical problems (further information in Supporting Information Appendix S1), gestational diabetes, previous fetal loss or termination, parity, multiple pregnancy and inadequate use of antenatal care. Continuous variables were tested for departure from linearity. Baseline groups were chosen using standard reference groups, guided by previous literature or the group with the lowest risk of maternal mortality if no standard reference was available.
Previous UKOSS studies have shown that the distribution of missing data across variables is not random; 15 for this reason, multiple imputation was considered inappropriate. Thus, to account for missing data, a separate 'missing' category was created for each variable with missing data. Sensitivity analyses were undertaken to examine further the impact of missing data by regrouping women with missing information into the extreme categories of the variables; in addition, complete case analysis was also conducted to assess the impact of including a proxy variable.
The cases were the total number of maternal deaths among women aged ≥35 years in the UK between 2009 and 2012, 12 therefore the study population of 105 for the cases was fixed. From the total number of population-based controls in the UKOSS database, 766 were aged 35 years or older, thereby fixing the sample size for the controls. This number of cases and controls gives an estimated study power of 80% at the 5% significance level to detect minimum odds ratios of 2.65 and 1.90 for 5 and 20% prevalences of exposures in the control group, respectively.
Statistical analysis
Univariable unconditional logistic regression analysis was conducted to compare the prevalence of the exposure variables in the cases and the controls. Odds ratios with 95% confidence intervals were calculated. Collinearity was assessed between all plausible linear associations prior to multivariable analysis, using Pearson's correlation coefficient. Substance misuse was highly correlated with previous pregnancy problems (coefficient = 0.436); thus, substance misuse was excluded from the multivariable analysis. No other independent variables were found to be significantly co-linear. Plausible interactions were tested between preexisting mental health problems and inadequate use of antenatal care; smoking status and socio-economic group; smoking and pre-existing medical conditions; smoking and pre-existing hypertension; ethnicity and socio-economic A further exploratory analysis examined the relationship of individual pre-existing medical conditions with maternal mortality. Guided by previous literature, the association between 12 co-morbidities and the outcome was assessed in univariable models. A multivariable analysis was undertaken if a co-morbidity was found to be significant at the univariable level.
Two sensitivity analyses were conducted. The first used complete case analysis for the final multivariable logistic regression (Model B). The second sensitivity analysis restricted the UKOSS controls to women who had their pregnancy during 2009-2012 to match with the time-period of death of the included cases (Model C).
A cumulative 'risk score' was created to assess the odds of maternal death associated with more than one factor. These factors were those that were found to be significantly associated with maternal death during the multivariable analysis. Employing the method used by Kayem et al. 17 a score of one was assigned for each risk factor. 11, 17 The score was treated as a categorical variable with 'no risk factors' as the baseline group. The additive effect of the presence of one or more risk factors was examined in a separate univariable regression model. All analyses were completed using STATA V.13 (StataCorp, College Station, TX, USA).
Results
The MBRRACE-UK confidential enquiry identified 105 maternal deaths among women aged 35 years or older. Data were available on 766 control women aged 35 years or older from the UKOSS database. Table 1 presents the characteristics of cases and controls. Marital status, multiple pregnancy and parity were not statistically significantly associated with maternal death and therefore were not examined in the multivariable analysis. Table 2 shows the results of the multivariable logistic regression analysis. Five variables, were significantly associated with maternal mortality among women of advanced maternal age. The odds of maternal death were two times higher among women who smoked during pregnancy than among those who did not. The presence of pre-existing medical problems was associated with almost a 6-fold increase in the odds of maternal mortality and the presence of pregnancy problems was associated with a two-fold increase in the odds of death. The odds of death were 23 times higher for those with inadequate use of antenatal care than those with adequate use of antenatal care. The adjusted odds of maternal mortality increased by 12% per year increase in age (aOR 1.12, 95% CI 1.02-1.22).
The sensitivity analyses shown in Models B (complete case analysis) and C (restricting the controls to 2009-2012 to match with the time-period for the cases) did not materially change the results. However, the reduced sample size in model C resulted in age and smoking becoming statistically non-significant at P < 0.05; nevertheless, the magnitude of the odds ratio remained similar to Models A and B.
The results of the exploratory analysis examining the association of specific medical co-morbidities with maternal mortality are shown in Table 3 . The number of women who had each condition was small, so the results must be interpreted with caution. After adjustment, compared with the controls, women who died had significantly higher odds of cardiac disease, essential hypertension, musculoskeletal disorders, inflammatory conditions, neurological conditions, asthma, mental health problems and infection. Table 4 shows the association between the cumulative risk score and maternal mortality among women of advanced maternal age. The odds of maternal death increased with the number of risk factors possessed. Presence of one risk factor was associated with an almost threefold increased odds of death, which increased to 12 times for the presence of two risk factors and 26 times increased odds of maternal death for the presence of three risk factors.
Discussion
Main findings
This study found five factors to be associated with increased likelihood of maternal mortality among women aged 35 years or older: smoking during pregnancy, older maternal age, pre-existing medical comorbidities, previous pregnancy problems and inadequate use of antenatal care. An exploratory analysis examining medical co-morbidities highlighted that cardiac disease, essential hypertension, infection, musculoskeletal disorders, asthma, mental health disorders, inflammatory disorders and neurological disorders were all independently associated with maternal mortality in women of advanced maternal age. 
Strengths and limitations
The use of a highly robust national surveillance system and the collection of cases over 4 years has enabled the examination of this subset of maternal mortalities in a high resource setting and thus overcomes some of the limitations of previous research. Both prospective population- based surveillance systems use a robust methodology, which reduces any possible impact of selection bias. The cases were the total number of maternal deaths in the UK among women aged 35 years or older. The UKOSS controls may have been higher risk pregnancies, as they are drawn from consultant-led maternity units. As a result, they may have higher complication rates, which may bias our effect estimates towards the null in comparison with a truly representative pregnancy population. This dataset included controls from all but the very smallest consultant maternity units in the UK and thus can be considered nationally representative of the population of women delivering in hospitals with consultant units. The use of national data allowed a valid comparison between the cases and the controls, as they were drawn from the same population. However, the data collection process was not blinded and so may have been susceptible to information bias. Additionally the number of cases were still small, which limited the study power, particularly when investigating rarer exposures.
There were some missing data, notably concerning socio-economic status, BMI and smoking status. Missing data impacted the size of the model when complete case Missing data in pre-existing medical problem, n = 52. See Appendix S1 for more information on included conditions. Each pre-existing medical problem was modelled separately in the main model using complete case analysis. *Adjusted for age, smoking status, previous pregnancy problem and inadequate use of antenatal care. analysis was undertaken; however, the results did not vary substantially to that of the model with missing data included as a proxy value. The employment variable included in this study is unlikely to capture fully the complexity of socio-economic status. Studies have shown that socio-economic status could be associated with antenatal care 18 ; however, we did not find any significant moderate to strong correlation between employment status and antenatal care.
Interpretation
Previous studies have not reported any significant association between smoking and maternal mortality. 11, 17, 19 However, studies examining maternal morbidities have shown that smoking could have a protective effect against a number of maternal morbidities such as haemorrhage 20 and preeclampsia. 20, 21 The protective effect against individual morbidities does not imply smoking would be protective against mortality. This result may be explained by the duration of smoking, as the deleterious effects of smoking may take many years to manifest themselves. Previous research has shown that the risk of cardiovascular events increases with duration of smoking. 22 We do not have information on the duration of smoking in each woman; however, age and length of smoking have been shown to be collinear, with the majority of smokers starting in adolescence. 22 Therefore, the impact of smoking on pregnancy risk may only present in older women. This would explain the null findings in previous studies which examined maternal mortality in all ages. 11, 17 Nonetheless, the association between smoking and maternal mortality could also be an artefact as a result of information bias; the reporting of information for the cases may be more accurate than the reporting for the controls. However, more cases did not have information about smoking status than the controls. Results of a sensitivity analysis conducted by re-grouping women with missing information into smoking and non-smoking groups did not differ materially from the findings of the main model. Interestingly, even after adjusting for known risk factors, the association between age and mortality was not attenuated. The literature has previously suggested that the association between age and maternal mortality can be fully explained by medical comorbidities.
9 One possible explanation being that older women undergo cardiovascular ageing and older women are more likely to have symptoms of an underlying undiagnosed cardiovascular condition that results in an inability to adapt to the normal physiological changes that occur during pregnancy.
9 Thus, the weakened vascular system in older women is unable to compensate fully for the physiological demands that occur during pregnancy, which in turn increases the risk of cardiovascular events, pregnancy-induced hypertension and other complications. 23 Inadequate antenatal care was the strongest association found in this study and this finding was similar to previous published studies. 11, 19 It is likely that this relationship may be partially explained by socio-economic status 18 and immigration status, 24 which were either not fully adjusted for or not available in this study.
Similar to previously published studies, older women with pre-existing medical conditions were independently at an increased risk of maternal mortality. 11 A number of studies have shown that medical co-morbidities such as hypertension, 9 cardiac disease, 25 asthma, 26 inflammatory disease, 11 mental health problems, 27 infection, 9 musculoskeletal disorders 11 and neurological conditions 11 were associated with maternal morbidity and mortality. In contrast to some previous literature this study did not find an association between obesity and maternal mortality. 17 Obesity has been shown to be associated with maternal complications in older women. 28 This highlights once again the importance of high quality pre-pregnancy as well as antenatal and post-pregnancy care for women with co-morbidities, 12 particularly among older women. Similar to previous research, this study highlighted that there was an association between previous pregnancy problems and maternal mortality. 11 Many of these problems are associated with an increased risk of complications in subsequent pregnancies; for example, previous histories of preeclampsia and postpartum haemorrhage have been shown to be associated with future morbidity. 20, 29, 30 It has been suggested that inter-pregnancy care targeted at the management of hypertension and diabetes could improve future pregnancy outcomes. 31 However, research evaluating the impact on future outcome is lacking.
Conclusions
This study identified five risk factors associated with maternal mortality in women of advanced maternal age. After adjusting for other known risk factors, older age remained 
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